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Cementmanufacturing consumes twomain types of energy: fuel and electricity.On average, energy costs represent 40%of the
total production costs per ton of cement. The challenge is to reduce the consumption of energy to about 3000MJ/ton clinker
without the consumption of massive additional amounts of electricity, which is normally associated with additional fuel-
saving measures. This can only be achieved by implementing sound thermal energy optimization measures. Energy-efficient
suspension cement kilns are nowwidely applied and use a cascade of cyclonic pre-heaters of moist particulate feedstock, with
heat transfer from hot kiln exhaust gas to particles being a function of heat transfer coefficient, temperature difference and
gas–solid contact mode and time. The gas–solid contact mode and time depend on particle movement in cyclones, which has
previously been studied by positron emission particle tracking. Heat transfer is governed by Nusselt–Reynolds equations,
with gas velocity and properties being a function of the temperature profile along the cascade of cyclones. A stepwise approach
of the design thus combines changing hydrodynamics and heat transfer along the successive cyclones, with the overall thermal
balance of the cascade as control. This approach leads to major design recommendations, as developed in the present paper.
Keywords: cyclonic pre-heaters; heat transfer; pressure drop; particle movement; turbulent contact
1. Nomenclature
a exposed particle surface area (per unit volume of
flow gas, m2/m3)
CpG specific heat capacity of gas (J/m
3K)
Cs clinker-to-gas ratio (kg/kg)
d50 cut size of the cyclone (m)
Dc diameter of the cyclone (m)
dp particle size (m)
g gravitational constant (m/s)
h gas-to-particle heat transfer coefficient (W/m2K)
L length of the turbulent gas–particle contact (m)
TG temperature of gas (K)
Ts temperature of solids (K)
UG superficial gas velocity (m/s)
vc superficial velocity in the cyclone cross-sectional
area (m/s)
vi inlet velocity of the cyclone (m/s)
tf thickness of the wall layer of the cyclone (m)
DP pressure drop (Pa)
rG density of gas (kg/m
3)
rS density of clinker particles (kg/m
3)
mG gas viscosity (kg/m s)
vyp particle axial velocity (m/s)
2. General context of the research
Cement manufacturing consumes two main types of
energy: fuel and electricity. On average, energy costs
represent 40% of the total production costs per ton of
cement, up to 60% in the case of lime kilns. Over the past
years, fuel economy – achieved by better heat recovery –
has been counteracted by rising electricity and fuel costs.
Electricity input increased from 14 to 25% of the total
cement production costs, with milling and exhaust fans
representing 80% of these electricity costs. Both fuel
economy and electricity consumption are linked as
additional heat recovery stages will induce additional
pressure drops in the system, thus increasing the required
exhaust power. Theoretical fuel demand for producing
cement clinker is determined by mineralogical reactions
(,1800 kJ/kg clinker) and by the heat needed for drying
and pre-heating of raw materials. The total fuel
consumption in modern kiln systems varies from 3000–
3600 kJ/kg (dry process with multi-stage cyclonic pre-
heaters and pre-calciners) to 3100–4200 kJ/kg (dry rotary
kilns with cyclonic pre-heaters) and 3300–4500 kJ/kg
(semi-dry/semi-wet processes). Long rotary kilns and shaft
kilns (.5000 kJ/kg) now represent less than 1% of the
total production capacity. For other cement kilns, mostly
of suspension type, additional measures have to be taken
since the 2001 BREF states: ‘For new plants and major
upgrades, the best available technique for the production
of cement clinker is considered to be a dry process kiln
with multi-stage pre-heating and pre-calcination. The
associated BAT heat balance value is 3000MJ/ton
clinker.’ From a study published by Berkeley National
Laboratory (Worrell, Galitsky, and Price 2008), it appears
that even modern cement kilns can improve their fuel
consumption by 100–200 kJ/kg, with electric savings
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between 1.5 and 3.2 kWh/ton, leading to CO2 savings of
2.9–5.9 kg C/ton, thus highlighting that energy savings are
possible and, indeed, needed.
Kiln systems with multi-stage (three- to six-stage)
cyclonic pre-heaters are shown in Figure 1 (PSP
Engineering a.s. 2012). An integrated pre-calciner and
tertiary air duct are standard technology for new plants.
Under optimized circumstances, such as during perform-
ance tests, such a configuration will use 2900–3300MJ/
ton clinker. In practice, the energy consumption of even
these plants will rise to 3000–3600MJ/ton clinker as an
annual average because of suboptimal plant utilization and
unscheduled shutdowns and startups. The BREF-imposed
energy consumption of 3000MJ/ton clinker can only be
achieved by implementing additional thermal energy-
saving measures, preferably without the consumption of
considerable additional amounts of electricity.
Common measures to partly meet these targets include
the improvement of grate coolers to obtain a more uniform
distribution of cooling air, a near-stoichiometric yet partly
oxidizing kiln condition, a reduction of air leakage, the
pre-homogenization of kiln feedstock and the improve-
ment of the even feeding of the kiln. Further issues of
concern are the required pre-calcination of the raw meal,
and the necessary and potentially feasible improvement of
pre-heaters, which are of paramount importance to achieve
a high degree of heat recovery, a low pressure drop, a
uniform distribution of solids and gas streams and a long
gas–solid contact time in a turbulent flow mode to achieve
a high rate of heat transfer.
The present paper discusses the hydrodynamic and
thermal design of the cyclonic dryer and pre-heater, built
as a cascade of five to six cyclone stages (the top stages
being commonly in parallel operation to improve de-
dusting efficiency). Only a stepwise heat transfer
calculation, coupled with gas–solid flow considerations,
provides an accurate design. This paper provides a
summary of fundamental insights into the gas–solid
movement in cyclones, presents an equation to calculate
heat transfer coefficient between gas and particles,
summarizes the design method and illustrates design
results. Particle movement and residence time in a cyclone
were extensively studied by the positron emission particle
tracking (PEPT) of a radioactively labelled tracer. Since
gas velocity itself is a function of the achieved heat
recovery and temperature profile along the cascade of
cyclones, a stepwise approach of cyclone sizing and
thermal design is required, whereby hydrodynamic and
heat transfer characteristics are determined in each step,
summed up and compared with the overall pre-set or
expected thermal balance of the complete cascade of
cyclones.
Heat transfer coefficients are defined from appropriate
Nusselt–Reynolds equations.
Prior to describing the relevant experimental findings
from the literature, it is important to illustrate the flow
rates and solid/gas ratios encountered in the specific
application for the production of 2000 ton/day clinker,
with flue gases leaving the pre-calcination stage at 800–
8508C. Due to the decreasing gas temperature along the
cyclone cascade and associated increasing gas density, the
solid/gas ratio, Cs, expressed as kg solids/kg gas, will
decrease from about 5 kg/kg at the lower cyclone, to about
1.9 kg/kg at the top cyclones. Flue gas viscosity and
conductivity will moreover decrease by a factor of ,2
from the bottom to the top cyclones. Both factors influence
the cyclonic operation and the values of dimensionless
numbers such as Reynolds (Re), Nusselt (Nu) and Fedorov
(Fe) and the density ratio rS/rG.
3. Cyclone pressure drop and particle movement
The applied solid-to-gas ratioCs between 1.9 and 5 kg solids/
kg gas is an important factor to be considered in the cyclone
operation. The cyclones operating at high temperatures has
been reviewed by Dewil, Baeyens, and Caerts (2008), who
developed a design approachbased on theEuler number (Eu)
and the value of the Stokes number at particle cut size (Stk50)
Figure 1. Photograph of a cyclonic pre-heater.
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and provided a fair prediction at very low solid/gas ratios for
cyclone pressure drop and cut size:
DP ¼ Eu rGv
2
c
2
; ð1Þ
withvc being the superficial gas velocity in the cyclone cross-
sectional area, but related to the inlet velocity (vi), due to the
geometrical equivalence factors of common cyclone
dimensions. The Euler number can be predicted from the
geometry, as demonstrated by Dewil, Baeyens, and Caerts
(2008).
Stk50 is related to Eu and includes the cut size of the
cyclone (d50) and the cyclone diameter (Dc), as given in
Equation (2), presented by Svarovsky (1986). With an
increasing temperature, d50 will increase due to the gas
viscosity mG as follows:
Stk50 ¼ 12
Eu2
¼ d
2
50rSvc
18mGDc
; ð2Þ
where rS is the density of the raw meal particles.
Eu and Stk50 are the characteristics of a given cyclone
type and related to the geometric cyclone dimensions. The
data given in the literature or predicted by Dewil, Baeyens,
and Caerts (2008) relate to the conditions of the low values
of Cs.
Additional research by Dewil, Baeyens, and Caerts
(2008), Svarovsky (1986) and Chan et al. (2009) has
demonstrated that both cyclone pressure drop and particle
movement are interdependent and important factors in
cyclone operation and cyclonic heat transfer because the
natureof the gas–solid suspensionflowmodeaffects the heat
transfer coefficient (Everaert, Baeyens, and Smolders 2006).
The study of the pressure drop DP used two cyclones,
both of Stairmand design, with diameters of 95 and
200mm, and integrated in a circulating fluidized bed rig,
in which the circulation rates of both operating gas
velocity and solids could be varied. The variation of DP in
the cyclones as a function of vc and Cs is shown in
Figure 2, with the virgin pressure drop at Cs ¼ 0 being the
reference. Initially, an increase in dust loading decreases
the pressure drop as the initial amount of dust in the
cyclone acts like a coating on the otherwise smooth
cyclone wall, thereby increasing the effective wall friction
of the cyclone and thus decreasing the swirl velocity in the
cyclone and reducing the magnitude of the pressure drop,
as demonstrated by Chan et al. (2009). With further
increasing Cs, the pressure drop increases strongly up to
about 8 kg/kg and levels off if the loading increases further.
It is, however, clear from Figure 2 that well-designed
cyclonic pre-heaters operate at Cs values between ,2 and
,5kg/kg, and thus in the region of a reduced pressure
drop, a significant advantage towards the power
consumption.
The particle movement was previously examined in
detail by PEPT in the experimental set-up of Figure 3, and
has been reported in detail in the paper of Chan et al.
(2009).
PEPT monitors the movement of a single radioactively
labelled particle in real time within the bulk of particles
moving, as illustrated in numerous studies (Parker et al.
1997; Seville, Ingram, and Parker 2005; Fan, Parker, and
Smith 2006a, 2006b). Typical tracer particle tracks are
illustrated in Figure 4(A),(B) for different values of vc and
Cs. In each case, two orthogonal elevations are shown, X and
Figure 2. Ratio of the pressure drop (DP) at a given Cs and the virgin pressure drop (DP0) at Cs ¼ 0 for different values of vc (m/s).
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Y, as recorded by g-ray cameras located at both sides of the
cyclones with each ,0.5 £ 0.6m2. Air flow rates were
selected to operate the cyclone at a velocity (vc) of 0.35–
2.7m/s. Cs was varied from 0 to 80 kg/kg. The circulation
rate of solidswas set by the aeration rate of the L-valve of the
circulating fluidized bed (CFB) rig. All air velocities are
expressed as a function of the cross-sectional area of the
cyclones.
The particles move in a spiral flow pattern in the
cylindrical body of the cyclone. This spiral pattern
continues in the conical part of the cyclone at low values of
Cs, but moves in a moving-bed pattern (dense wall layer) at
higher Cs values. Whereas the residence time of the
particles in the spiral flow pattern is very short, it is of the
order of 10–20 s in the moving-bed pattern. The residence
time t of particles in the cyclone is obtained experimen-
tally from PEPT trajectories. For Cs values approximately
above 15 kg/kg, the residence time of solids does slightly
decrease as Cs values increase. Fitting the initial
experimental results of Chan et al. (2009) leads to the
following equations to predict the residence time of solids
in the cyclone:
tðsÞ ¼ 0:1þ 1:26Cs for Cs # 15 ðkg=kgÞ;
tðsÞ ¼ 19:452 0:03Cs for Cs . 15 ðkg=kgÞ:
The formation of a dense wall layer in the cyclone at
moderate to high Cs values has two major consequences:
. Since DP is inversely proportional to the fourth
power of the cyclone diameter Dc, the existence of a
wall layer, of thickness tf, has an influence on the
pressure drop, assuming that other factors remain
constant. Although the solid layer accumulates
mostly in the conical section of the cyclone, it can
tentatively be assumed that the effective cyclone
diameter is reduced from Dc to (Dc–2tf): the
pressure drop at high solid loading would increase
for the 0.2m ID cyclone, with tf ¼ 0.018m as [0.2/
(0.2–0.035)], i.e. ,2.2 times the virgin pressure
drop. This multiplication factor confirms the
findings presented in Figure 2.
. The conical part of the cyclone will not significantly
contribute to the heat transfer because the ratio of
the tangential particle velocity and the tangential gas
velocity is very small (,0.1), whereas it is 0.5–1 in
the cylindrical cyclone body. High solid loadings
(Cs , .3kg/kg) should thus be avoided.
The PEPT data can also be used to calculate the
tangential and axial velocities of the tracer particle within
the cyclone, as reported in Chan et al. (2009). The
particles have been observed to have some initial upward
velocity (positive vyp), followed by a zone of constant
axial acceleration, and ending in a slowly downward-
moving dense flow towards the cyclone apex. The initial
upward movement occurs over the height of the inlet
section. The axial acceleration occurs in the cylindrical
body of the cyclone, whereas the dense flow occurs in the
conical part of the cyclone. Once entrapped in the dense
flow zone, the particle is only subject to small radial
movements.
4. Heat transfer in suspensions
Heat transfer characteristics of suspensions have been
summarized by different studies to determine the heat
transfer coefficient. A study by Everaert, Baeyens, and
Smolders (2006) determined the conditions of optimum
heat transfer in flowing gas–solid suspensions, recognized
to occur at an optimum solid/gas concentration ratio of
3–8 kg solids/kg gas, within the range of applied Cs
values in the cement cyclonic pre-heaters.
Baeyens, Van Gauwbergen, and Vinckier (1995)
derived heat transfer coefficients in large-scale pneumatic
dryers, resulting in an empirical equation for the Nusselt
number as a power law function of the Reynolds number
of the particle, using the particle terminal velocity as the
main flow characteristic. This equation does not include
Cs, since the large-scale plants operated at a fairly constant
Cs of about 1.5 kg/kg. The application of the equation to
cyclone conditions is hence not recommended. A more
comprehensive study on cyclone heat exchange has been
published by Jain et al. (2006), which results in several
Figure 3. Schematics of the experimental set-up: (1) riser, (2)
cyclone, (3) downcomer/L-valve, (4) compressed air, (5) cyclone
outlet to the bag filter, (6) g-ray camera and (7) tracer.
H. Zhang et al.310
D
ow
nl
oa
de
d 
by
 [K
U 
Le
uv
en
 U
niv
ers
ity
 L
ibr
ary
] a
t 0
0:5
2 1
3 N
ov
em
be
r 2
01
4 
important findings:
. The optimum heat transfer coefficient (h) from gas to
particles is achieved at Cs . 3–4 kg/kg. Although h
increases with vc, the maximum is fairly constant
once the optimum Cs value has been obtained.
. The particle size of the fed powders has a marked
influence on h, increasing by about 50% from
163mm particles to ,300mm particles.
. Jain et al. (2006) developed a correlation of the heat
transfer data as follows (Pr,0.68 to 0.69 within the
T range under consideration):
Nu ¼ 0:0047Fe 1:45C0:375s ð2þ 0:664Re 0:5Pr 0:33Þ;
ð3Þ
Fe ¼ dp 4gr
2
G
3m2G
rS
rG
2 1
  1=3
:
. The Fedorov dimensionless number Fe is not
commonly used in powder technology, but is, in
fact, an alternative expression of the third root of the
Archimedes number, with the difference being the
incorporation of (4/3)1/3, itself being ,1.10 only.
Re ¼ dprGUG
mG
:
For a staged cyclonic pre-heater, with an average of
100mm feed size, the heat transfer coefficient remains
nearly constant at 40–50W/m2K throughout the cyclone
cascade, as a result of increasing rS/rG, but decreasing Fe
and Re. The dominant driving forces in the cyclonic pre-
heater thus remain the surface areas exposed by the
particles per unit gas volume, and the temperature
difference between the flue gas and particles at each stage.
5. Design of the cyclonic pre-heater cascade
From the previous findings, it has been recommended to
operate all cyclones at a Cs value below 3–4 kg/kg, thus
Figure 4. (A) Typical three-dimensional analysis (Y–Z and Z–X axes) of a stable particle trajectory at vc ¼ 1.75m/s and Cs ¼ 6.5 kg/kg.
(B) Particle track (Y–X axes) in the cyclone, operating at vc ¼ 1.05m/s and (a) Cs , 1 and (b) Cs ¼ 8.3 kg/kg.
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considerably reducing the pressure drop of the cyclone
cascade. This implies the use of a lower gas velocity in the
bottom cyclones (an increased cyclone diameter). In doing
so, the extent of the moving bed in the conical cyclone
zone will be limited, thus again improving the turbulent-
flow contact time between the gas and particles.
Furthermore, it has been recommended to predict the
heat transfer coefficient by Equation (3). When these
recommendations have been followed, the heat transfer
ratio in each stage can be calculated as follows:
CpGUG dTG ¼ haðTG 2 TSÞdL; ð4Þ
with a being the exposed particle surface area per unit
volume of the flue gas, L, the contact length in turbulent
flow as measured by Chan et al. (2009) and TG–TS, the
varying temperature difference from stage to stage.
The tangential gas velocity can be predicted by
different correlations, which is in fair agreement as
demonstrated by Chan et al. (2009). In solving the
equation for each stage, the final control is, of course,
the overall heat balance of solids and gas, as fixed by the
pre-calciner exit temperature (e.g. ,8008C) and
the exhaust gas temperature of the final cyclone stage
(100–1508C, as a function of the number of cyclone stages
in the system).
The turbulent contact length is defined for each
cyclone stage (,4Dc). TG and TS can be proportionally
adapted according to the heat balance (4) until the overall
heat balance of the cyclonic cascade is closed. In doing so
for a five-stage pre-heater, up to 77.8% of the flue gas heat
can be recovered. In a six-stage pre-heater, the rate of
recovery increases to 82.1%.
Provided Cs values of 1–4 kg/kg are considered, the
operating pressure drop can also be reduced to 25 or 35%
of the virgin pressure drop, as shown in Figure 2, thus
substantially reducing the exhaust fan power consumption.
To guarantee a fair de-dusting efficiency of the top stage,
this should indeed be executed as two (or three) parallel
cyclones, since d50 is inversely proportional to Dc. The
local high Cs value will moreover contribute to the
separation efficiency, well above 99% for an appropriate
cyclone design (Dewil, Baeyens, and Caerts 2008;
Svarovsky 1986) and thus with a residual emission prior
to final de-dusting between 10 and 12.5 g/Nm3.
6. Conclusions
The design of a cascade of cyclonic pre-heaters in
suspended cement kilns, and the overall energy economy
of the system, can be improved. The factors in the
optimum design are (1) the influence of the solid loading
on the pressure drop of each cyclone and (2) the ratio of the
solid velocity and the tangential air velocity, together with
the extent of the turbulent contact zone. Additional design
parameters for the cascade of cyclonic pre-heaters include
(1) the heat transfer coefficient, again as a function of Cs,
albeit fairly constant throughout the cyclone cascade, and
(2) the exposed surface area of the clinker particles,
proportional to Cs and to the extent of the turbulent contact
zone. Applying the design recommendations of the paper
will lead to a heat economy of about 5%, i.e..150MJ/ton
clinker, without jeopardizing the consumption of elec-
tricity, which can even possibly be reduced by operating
each cyclone stage within the appropriate Cs range.
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